Intending to expand the thermo-physical properties of bio-based polymers, furan-based thermoplastic polyesters were synthesized following the melt polycondensation method.
Introduction
Polymers from lignocellulosic biomass via the furan pathway, like poly(alkylene 2,5-furandicarboxylate)s consist of an exceptional class of novel materials [1] [2] [3] [4] [5] . Apart from their excellent properties and especially their gas barrier, they are characterized by a reduced carbon footprint and low nonrenewable energy consumption during their production processes [6, 7] .
In previous years, the biorefinery concept provided new routes for the production of biofuels, polymers and chemicals from biomass [8] . Vegetable feedstock such as sugars, vegetable oils, organic acids, glycerol, and others can be used as monomers for polymer production [9, 10] . Carbohydrates and
Materials and Methods

Synthesis of Polyesters
2,5-furan dicarboxylic acid (purum 97%) tetrabutyltitanate (TBT) catalyst of analytical grade and 1,4-Butanediol of analytical grade used in polyester synthesis, were purchased from Sigma-Aldrich Chemical Co. (Chemie GmbH, Steinheim, Germany). All other materials and solvents used were of analytical grade.
High molecular weight poly(ethylene 2,5-furandicarboxylate) (PEF), poly(propylene 2,5-furandicarboxylate) (PPF), poly(butylene 2,5-furandicarboxylate) (PBF) and poly(1,4-cyclohexanedimethlene 2,5-furandicarboxylate) were synthesized by applying melt polycondensation following the general procedure shown in Scheme 1 and described in detail in our previous studies [16, 19, 32, 60] . Solid-state polycondensation (SSP) was subsequently applied to produce polymers of high molecular weight at 220 • C and 170 • C for PEF and PPF, respectively, Polymers 2020, 12, 225 3 of 21 for 8 h. PET, PPT, PBT and PBN were also prepared, as described in our previous studies, by melt polycondensation procedure [39, 40] . PLA with average molecular weight Mn = 20,000 Da and polydispersity index about 1. 3 
Preparation of Polymer Blends
Polymer blends of the thermoplastic polyesters were prepared by dissolving the corresponding polymer pairs in a mixture of trifluoroacetic acid and chloroform 1/4 v/v. The solutions were poured in an excess of methanol and the blends were obtained as the precipitate. Several blends with varying compositions were prepared. Solution mixing was selected for the preparation of blends in order to avoid any possible transesterification reactions occurring at elevated temperatures during melt mixing.
Characterization Methods
Intrinsic Viscosity Measurements
Intrinsic viscosity (IV) [η] measurements were performed using an Ubbelohde viscometer at 30 °C in a mixture of phenol/1,1,2,2-tetrachloroethane (60/40, w/w) . IV values for neat polymers were found to be 0.63, 0.65, 0.59, 0.62, 0.62 and 0.67 dL/g for PEF, PBF, PET, PPT, PBT and PBN, respectively.
Differential Scanning Calorimetry
The thermal behavior of the blends was studied using a Perkin Elmer Diamond DSC upgraded to DSC 8500, combined with an Intracooler IIP cooling system. Samples of about 5 mg were used. The blends were first heated at 20 °C/min up to 30 °C above the higher melting temperature and then quenched to −30 °C, before reheating at a rate of 20 °C/min, to observe the glass transition, coldcrystallization and melting of the amorphous samples. For the evaluation of the glass transition, Scheme 1. Pathway for synthesis of poly(alkylene 2,5-furandicarboxylate)s.
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2.3.3. X-ray Diffraction X-ray diffraction measurements of the samples after grinding were performed using a SIEMENS Diffract 500 system employing CuKα radiation (λ = 1.5418 Å).
Polarizing Light Microscopy (PLM)
A polarizing light microscope (Nikon, Optiphot-2) equipped with a Linkam THMS 600 heating stage, a Linkam TP 91 control unit and also a JenopticProgRes C10Plus camera were used for PLM observations.
Fourier Transform Infrared Spectroscopy (FT-IR)
FT-IR analysis was conducted in a FT-IR spectrometer, Spectrum One by Perkin Elmer accompanied by the analogous software. Spectra were obtained over the 4000−700 cm −1 region and were acquired with a resolution of 4 cm −1 and a total of 16 scans per spectrum.
Results
Poly(alkylene 2,5-furandicarboxylate) polyester samples were synthesized following the melt polycondensation method as shown in Scheme 1. Following, a series of blends was prepared from solution, given the small amounts of the numerous samples.
For two polymers, miscibility is expected if their solubility parameter values are very close. For the polymers of this work, the solubility parameter δ values were calculated using the component group contributions (method Hoftyzer, cited byVan Krevelen [61] ) and the values of the molar volumes. Given that the cohesive energy, E coh , may be divided into three parts, corresponding with the three types of interaction forces:
with E d , E p and E h denoting the contribution of dispersion forces, polar forces and hydrogen bonding, therefore, the solubility parameter, δ, can be calculated in a similar manner from the following equation:
The solubility parameter values for the polymers of this work are summarized in Table 1 . 
PEF Blends
The first series of polyester blends were prepared by using poly(ethylene 2,5furandicarboxylate) (PEF) as the one component combined with some of the most important industrial polyesters, including PEN, PLA, PC, etc., at several relative ratios.
PEN is one of the polyesters with high gas barrier, mechanical and thermal properties. Especially, its high glass transition temperature is of significant interest (125 °C). Therefore, PEN-PEF blends were tested. Figure 1a shows the WAXD patterns of the as prepared PEN-PEF blends. Both PEF and PEN showed negligible crystallinity and almost the same holds for their blends, judging from the very small intensity of the crystalline peaks in their respective patterns. Figure 1b shows the DSC heating scans of the blends and pure polyesters after melt-quenching. These thermograms revealed dual glass transitions. However, detailed study with the aid of the magnified traces in the temperature range of the glass transitions showed that there is some shift of the two Tgs to intermediate values. The Tg for PEN shifted from 125 to 120 °C, while that of PEF from 88 to 90 °C. This trend is also clearly shown in the derivative heat flow plots against the temperature, where the glass transition appeared as peak. In conclusion, there is an indication for only partial miscibility and some homogenization in the PEN-PEF blends. This is in accordance with the solubility parameter values of Table 1 , i.e., δ = 22.5 for PEF and 20.8 (MJ/m 3 ) 1/2 for PEF, which are not very close, as calculated by applying the Van Krevelen's method. Another well-known high T g polymer is polycarbonate. PC is an essentially amorphous polymer, as is revealed in Figure 2 , and the respective WAXD pattern, for pure PC (Figure 2a ). However, since PEF is also polyester of low crystallinity, the WAXD patterns of the PC-PEF blends remained amorphous, too. The DSC heating scans for the melt-quenched blend samples showed dual glass transition Polymers 2020, 12, 225 6 of 21 temperatures, and, in fact, there did not appear any real shift in the T g s revealing that the polymers are completely immiscible (Figure 2b ,c). From FTIR measurements, the blend retains characteristics of both polyesters, meaning the C=O stretching at 1736 cm −1 is the angular deformation of aromatic C-H at 830 cm −1 , terminal hydroxyl groups at 3453 cm −1 and the characteristic 2,5-disubstituted furan heterocycles at 3125 cm −1 (Figure 2d ).
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Conclusions
High molecular weight poly(alkylene 2,5-furandicarboxylate) polyesters were synthesized in this work. These polymers were blended with commercially important polymers such as PET, PEN, PLA, PC, PPT. PPF-PEF blends were found to be miscible, based on DSC and PLM studies. PPF also formed miscible blends with PBF. In addition, PBF also formed miscible blends with PCHDMF and Finally, Figure 13 summarizes the DSC findings for quenched PBF blends. A single glass transition is observed for the PET-PBF 50-50 and PCHDMF-PBF 50-50. For PBN-PBF 50-50 and PBT-PBF 50-50, a single T g can be observed; however, this is due to the fast crystallization of PBN and PBT respectively, so that the polymer pairs are phase separated due to crystallization. For PC-PBF 50-50, the glass transition for PC is just masked by the cold crystallization of PBF. In fact, PC and PBF polymers are not miscible and the T g for PBF is unchanged.
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